Dextromethorphan (DM), a noncompetitive NMDA antagonist, has been demonstrated to reduce ischemic neuronal damage and edema, but DM's influ ence on cerebral blood flow has not been extensively studied, In this investigation, it is shown that DM has significant effects on regional cerebral blood flow (rCBF) patterns in a rabbit model of focal cerebral ischemia. rCBF was measured using radioactive microspheres fol lowing a 1 h permanent occlusion of the left internal ca rotid, anterior cerebral, and middle cerebral arteries in rabbits, Somatosensory evoked potentials (SEPs) were used to assess the degree of ischemia; only animals where SEPs were completely abolished were used for a fre quency distribution analysis of rCBF, It was found that there were significantly more regions with lower flows in animals treated with normal saline (NS) (n = 7) compared to animals treated with DM (n = 7) (p < 0.05, ipsilateral left side; p < 0.001, contralateral right side). The fre-
It has been proposed that dextromethorphan (OM), a noncompetitive N-methyl-D-aspartate (NMOA) antagonist, prevents ischemic brain injury by modifying excitotoxic neuronal damage and thus preventing perturbations in cellular Ca2 + fluxes and subsequent neuronal death (Siesj6 and Bengtsson, 1989; Buchan, 1990; Choi, 1990) . It has been dem onstrated that OM reduces ischemic neuronal dam age and edema in a rabbit model of focal cerebral ischemia (George et aI., 1988; Steinberg et aI., 1988 Steinberg et aI., ,1989 . In vitro studies with neuronal cell cul tures have shown that OM reduces hypoxic and glu tamate-induced excitotoxic injury (Choi, 1987;  quency distribution medians were 27.5 ml 100 g-I min -I (left) and 70.0 ml 100 g -1 min -1 (right) in the NS group vs. 34.5 ml 100 g-I min -I (left) and 80.5 ml 100 g-I min -1 (right) in the DM group. The left and right hemi spheric regional means were 29.4 ± 20 and 74.3 ± 23 ml 100 g -1 min -I, respectively, in the NS group vs. 34.4 ± 16 and 91.0 ± 28 ml 100 g-I min -I, respectively, in the DM group. However, there were no significant differ ences in global CBF between the NS group (33.1 ± 18 and 79.2 ± 20 ml 100 g-I min -I) and the DM group (35.0 ± 10 and 92.0 ± 21 ml 100 g -1 min -I) in both left and right hemispheres, respectively. These results demonstrate that DM has effects on rCBF in focal cerebral ischemia, although it is unclear if these changes represent primary effects of DM on cerebrovascular function, or secondary effects of neuronal protection. Key Words: Cerebral blood flow-Focal cerebral ischemia-NMDA antagonists Dextromethorphan-Microspheres. Goldberg et aI., 1987) . Other NMOA antagonists have also been demonstrated to be effective in re ducing the amount of neuronal damage following ischemic injury (Ozyurt et aI., 1988; Park et aI., 1988; Buchan, 1990; Swan and Meldrum, 1990) . However, the underlying mechanisms of protection remain to be fully elucidated. It is possible that NMOA antagonists may influence cerebral perfu sion patterns, either directly or indirectly, thus modifying their effects on cerebral ischemia (Kuru maji and McCulloch, 1989; Park et aI., 1989; Buchan, 1990; Nehls et aI., 1990; Stevens and Yaksh, 1990) .
Previous studies have suggested that OM may have important cerebrovascular effects as well. Fol lowing transient global ischemia in rats, OM has been found to attenuate the delayed hypoperfusion during the reperfusion period (Tortella et aI., 1989) . In transient focal ischemia in rabbits, preliminary results indicate that OM prevents the sharp in-crease in blood flow that occurs immediately post ischemia (Steinberg et aI., 1990) .
The main aim of this investigation was to examine the effects of DM on regional cerebral blood flow (rCBF) in a rabbit model of focal cerebral ischemia without reperfusion. The topographic distribution of rCBF perturbations as well as absolute flow val ues were compared between the DM-treated group and the normal saline (NS)-treated group. Sensory evoked potentials (SEPs) were also measured in or der to establish comparable degrees of ischemia in both experimental groups. Since variation in poten tial collateral flow exists between different animals, this approach insured relatively consistent ischemic levels for comparison between the two groups.
MATERIALS AND METHODS

Animal model
A total of 21 New Zealand white rabbits was used: 10 in the DM-treated group, and 11 in the NS-treated group.
All animals were anesthetized with 3% halothane by mask, and femoral artery and marginal ear vein catheters were inserted. Following tracheostomy, artificial ventila tion and anesthesia were continued with 0.5% halothane in 0.5 Llmin of oxygen and 4.5 Llmin of air. Intravenous pancronium bromide (0.2 mg/kg) was given for paralysis as needed. Temperature probes were placed in the rectum and temporal muscle. A heating lamp and heating pad were used to maintain core temperature at approximately 39°C and temporal muscle temperature at approximately 37.SOC. Other studies have demonstrated that temporal muscle temperature is correlated with brain temperature (Busto et aI., 1987) . Rabbits underwent permanent trans orbital clip occlusion of the left interior carotid, anterior cerebral, and middle cerebral arteries for 1 h. A loading dose of DM (20 mg/kg) or an equivalent volume of NS was given 10 min after occlusion over 30 min, followed by maintenance doses of 10 mg/kg/h for the remainder of the ischemic period. Systemic parameters including mean ar terial pressure (MAP), end-tidal pC02, arterial blood gases, and hematocrit were monitored. MAP was kept between 60-65 mm Hg during ischemia by adjusting the halothane concentration between 0.4 and 0.6%. End-tidal pC02 (Puritan-Bennett capnograph) was kept between 33-38 mm Hg by adjusting the ventilation rate. Arterial base deficit was corrected as necessary with i. v. sodium bicarbonate.
Sensory evoked potentials
After immobilization of the rabbit head in a stereotactic frame, the scalp was removed and SEP bone-screw elec trodes were inserted 5 mm lateral (left and right) to the bregma. Stimulating electrodes were placed over left and right median nerves. Square-wave stimuli (10 rnA, 0.25 ms) were delivered at 2.1 Hz while SEPs were recorded with a Nicolet Pathfinder II electrodiagnostic system. To eliminate random noise, 150 responses were averaged for each measurement, using a bandpass filter (30-1,500 Hz). SEP amplitudes were measured from the peak of the ma jor positive deflection to the trough of the adjacent neg ative deflection (Steinberg et aI., 1988) .
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Regional cerebral blood flow
Following 1 h of focal ischemia, rCBF was measured using 15-fLm radioactive microspheres (NEN-DuPont). A limited thoracotomy was performed and the heart ex posed. Reference blood flow withdrawal at 3.6 mllmin was performed from the femoral artery using a Harvard infusion/withdrawal pump for approximately 10 s before microsphere injection. A bolus (approximately 30 fLCi) of 57CO_ or 113Sn-labeled microspheres were injected into the left atrial appendage. Reference blood withdrawal was continued for at least 50 s after microsphere injec tion. Immediately afterward, the rabbits were killed with lethal doses of sodium pentobarbital, and the brains were removed. All brains were cut into 5 mm thick coronal slices corresponding to four standard histological blocks: 5 mm anterior to the optic chiasm (OC); at the level of the OC; 5 mm posterior to the OC; and 10 mm posterior to the oc. The cortical regions were removed and dissected into areas as shown in Fig. 1 . A total of 20 cortical regions and left and right cerebellum were used for each brain. Brain samples were weighed and placed into plastic scin tillation tubes. All samples, reference blood, and tubing were counted using a well-type gamma counter adjusted to count for either 57CO or 113Sn accordingly. Values of rCBF (in ml 100 g-I min -I) were calculated using stan dard techniques (Heymann et aI., 1977; Warner et aI., 1989 ).
Statistical analysis
SEP amplitudes were expressed as a percentage of preischemic values. rCBF values were expressed as means ± SD. Differences between groups were evaluated by the nonparametric Mann-Whitney U test. Frequency distribution analysis was also performed using cumulative probability distribution functions plotted for rCBF (Ross, 1983) .
RESULTS
There were no significant differences in systemic parameters between the DM and NS groups (Table  1) . DM did not alter MAP or rectal and temporal muscle temperature.
In both DM and NS groups, there were no de creases in rCBF in the cerebellum, but all cortical regions showed decreased rCBF compared to the contralateral side (Table 2 ). There was no differ ence in the topographic distribution of rCBF per turbations between the two groups; the lowest flows occurred primarily in the ventral regions of blocks 1, 2, and 3.
Not all animals showed complete abolition of SEPs before drug administration. In animals where the SEPs remained, the amplitudes were decreased, the shape of the waveforms were changed, and rCBF values showed wide variability, demonstrat ing the different degrees of collateral flow in ani mals where the ischemia was incomplete. There fore, only animals that showed abolition of SEPs were used for further analysis of rCBF, resulting in seven animals for each group. Frequency distribution analysis was performed by plotting the probability distribution functions for all cortical regions in both groups. In the ipsilateral left hemisphere, the DM group demonstrated an in creased distribution of flows (median = 34.5 ml 100 g-I min -I) compared to the NS group (median = 27.5 ml 100 g-I min -I) ( Fig. 2A ). In the contralat eral right hemisphere, the DM group also demon strated a higher distribution of flows (median = 80.5 ml 100 g-I min -I ) versus the NS group (me dian = 70.0 mll00 g-I min-I) (Fig. 2B ). Based on Values are mean ± SD; NS group (n = 7) and DM group (n = 7). these plots, regional means of the frequency distri bution were calculated by averaging the rCBF for all regions. It was found that the mean rCBF was significantly higher in the DM group for both left (p < 0.05) and right hemispheres (p < 0.001); rCBF values were increased by 17 and 22%, respectively (Table 2) . However, a region-by-region comparison of rCBF between DM-treated and NS-treated ani mals did not unequivocally demonstrate distinct re gions of improved flow. Only four brain regions (L4V, R3V, R4D, and R4L) in the DM group dem onstrated somewhat improved flows compared to the NS group (Table 2) . These improvements ap proached statistical significance (0.05 < P < 0.08), and appeared to be primarily localized to the pos terior regions of the brain.
Global hemispheric CBF was calculated by sum ming radioactive microsphere counts from all cor tical regions into either left or right hemispheres, and dividing by the total hemispheric weight. It was found that the mean global CBF values in the DM group (35.0 ± 10 mll00 g-I min-I, left; 92.0 ± 21 ml 100 g -I min -I, right) were not significantly dif ferent from those in the NS group (33.1 ± 18 ml 100 g-I min -I, left; 79.2 ± 20 ml 100 g-I min -I, right). 
DISCUSSION
Within the framework of the excitotoxic hypoth esis of ischemic neuronal damage Ol ney, 1986,1987; Siesj6 and Bengtsson, 1989) , the interruption of blood flow induces a massive release and accumulation of extracellular excitatory amino acids (EAAs) including glutamate and aspartate. The resulting overactivation of NMDA-type EAA receptors causes a pathologic increase in intracel lular Ca 2 + . This lethal increase in Ca 2 + levels may occur via an increased influx through NMDA-gated and voltage-gated channels (Choi, 1988) , as well as a release from internal stores (Siesj6 and Bengts son, 1989 ). The Ca 2 + "overload" then activates a variety of neurotoxic processes including degrada tory enzymes such as lipases, proteases, and endo nucleases (Siesj6 and Wieloch, 1985) . Thus, block ade of NMDA-gated channels with NMDA antago nists may counteract the increased extracellular concentration of EAAs and prevent perturbations in Ca 2 + fluxes, thereby protecting the neurons from ischemic damage and death.
NMDA antagonists have been shown to be effec tive in reducing neuronal damage and edema in var ious animal models of focal cerebral ischemia Ozyurt et al., 1988; Park et al., 1988; Steinberg et al., 1988 Steinberg et al., , 1989 Buchan, 1990; Goth et al., 1990) . In vitro studies with neuronal cell cultures and brain slice preparations have also dem onstrated the ability of NMDA antagonists to pro tect against hypoxic and glutamate cell injury (Choi, 1987; Clark and Rothman, 1987; Goldberg et al., 1987) .
However, it is possible that NMDA antagonists may also have effects on cerebrovascular function that may modify their neuroprotective properties. These effects may be secondary to alterations in metabolism, or may be direct vasomotor effects on hemodynamic resistance and autoregulatory func tion. Previous studies of the cerebrovascular effects of different NMDA antagonists have revealed vary ing results. In isolated feline middle cerebral arter ies, thienylcyclohexylpiperidine (TCP) had no ef fects on vascular tone (Duverger et al., 1987) . On the other hand, ketamine was found to increase ce rebral blood volume in dogs (Artru and Katz, 1989) , and increase global CBF in rabbits (Reicher et al., 1987) . In Wi star rats subjected to middle cerebral artery occlusion, MK-801 was found to increase rCBF in the ischemic territory (Buchan et al., 1989) . In conscious Sprague-Dawley rats, MK-801 ap peared to increase rCBF in the neocortex, subcor tical nuclei, and limbic regions of the brain, de crease rCBF in the inferior colliculus, and also ap-peared to alter regional rCBF-metabolic coupling (Nehls et al., 1990) . However, in a focal ischemia model, MK-801 decreased rCBF in the ischemic penumbra as well as the contralateral hemisphere (Park et aI., 1989) . These seemingly conflicting re sults may be due to differences in the animal model, anesthesia, or doses of MK-801 used.
In this investigation, radioactive microspheres were used to examine the effects of a noncompeti tive NMDA antagonist (DM) on rCBF in a rabbit model of focal cerebral ischemia. There was no dif ference in the topographic distribution of rCBF al terations between the DM group and the NS group. The lowest rCBF values were found in the ventral regions of the cortex in blocks 1, 2, and 3, which agreed well with previous studies where ischemic injury was measured with histology and magnetic resonance imaging (George et aI., 1988; . These ventral regions most likely repre sent ischemic core regions.
For analyses of absolute rCBF values, only ani mals where the SEPs were completely abolished were used, in order to insure comparable levels of ischemia for consistent comparisons between the DM group and the untreated group. A potential drawback of this approach is that SEPs may repre sent ischemia of the underlying white matter of the thalamocortical tracts rather than actual cortical ischemia (Katakoa et al., 1987) . In animals where the SEPs remained, there were large variations in rCBF. In animals where SEPs were abolished, the rCBF values were, in general, lower and more con sistent. This approach was used to reduce the inter animal variability in potential collateral flows that may confound experimental results.
Frequency distribution analysis revealed statisti cally significant differences in the regional distribu tion of rCBF values in the ischemic cortex; DM treated rabbits showed fewer regions with low flows compared to the NS group. A region-by-region comparison of rCBF showed that rCBF was in creased in the posterior regions of the brain, al though these improvements only approached statis tical significance (0.05 < P < 0.08). These results demonstrate that DM has important effects on rCBF in focal cerebral ischemia. It appears that DM reduces the volume of brain tissue with low flows by increasing rCBF towards the periphery of the ischemic core. Global hemispheric averages of CBF were unable to detect these subtle effects. Only a frequency distribution analysis method was able to detect these changes occurring in small regions of cortical tissue. The effects of DM on rCBF in the contralateral hemisphere are unclear. DM has been shown to increase SEP amplitudes , and the increased rCBF may reflect the po tentiation of metabolic function in the brain, al though preliminary studies with DM in normal rab bit brain suggested that there were no direct effects on blood flow (Steinberg et aI., 1990) .
NMDA receptors have not been found in ovine microvessels (Beart et aI., 1988) . Various NMDA agonists have also been demonstrated to have no effects on cerebrovascular tone in rat, cat, and hu man pial vessels in vitro (Hardebo et aI., 1989) . However, NMDA can induce the neuronal release of endothelium-derived relaxing factor (EDRF), which is a potent vasodilator (Garthwaite et aI., 1988) . On the other hand, the effects of DM on ce rebrovascular function may act through a different mechanism. Recent studies have demonstrated that DM also binds to voltage-gated dihydropyridine sensitive Ca 2 + channels (Carpenter et aI., 1988; Jaffe et aI., 1989) . These Ca 2 + channels are present on cerebral blood vessels and mediate cerebrovas cular tone (Kazda and Towart, 1982; Jaffe et aI., 1989 ). Thus, it is possible that DM has direct effects on rCBF. A recent study showed that DM appeared to increase CBF following transient global ischemia in the rat (Tortella et aI., 1989) . Preliminary results also indicate that DM may prevent the sharp rise in blood flow that occurs immediately following tran sient focal ischemia in the rabbit brain (Steinberg et aI., 1990) .
DM has been demonstrated to protect against neuronal damage and edema in animal models of cerebral ischemia (George et aI., 1988; Steinberg et aI., 1988 Steinberg et aI., , 1989 Tortella et aI., 1989) . It has been proposed that DM prevents the NMDA receptor mediated perturbations in Ca 2 +. This study sug gests that DM may alter rCBF in ischemic brain, although it is possible that the increased rCBF val ues obtained in this study may represent improved regional metabolism caused by decreased ischemic neuronal injury.
